Abstract
Introduction
Although electrical pacemaker has saved millions of lives since it was used clinically, plenty of patients could not benefit from electrical pacemaker due to its high risk of open-chest surgery and the complications of implanting device [1] . Biological pacemaker is an innovative therapy as a replacement of electrical pacemaker. By injecting pacemaker cells into certain regions of the heart, such as atrium or ventricle, biological pacemaker therapy is expected to induce the sinoatrial-node-like pacing activity in the injected region and then drive the whole heart. The first issue of this method is producing pacemaker cells.
Previous experiments showed that overexpressing hyperpolarization-activated current (funny current, If) in nonautomatic cardiac cells could induce spontaneous automaticity in cells [2, 3] . Generally, there are three approaches to produce pacing cells: gene therapy, cell therapy and the hybrid therapy [1] . By gene therapy If ionic channels are expressed in cardiac myocytes by fusing certain gene into cells. For instance, injecting hyperpolarization-activated cyclic nucleotide-gated 2 (HCN2) that codes the If channel into canine left atrium [2] and left bundle-branch [3] via adenoviral constructs has successfully induced auto-rhythmicity in infected cells. Also, it has been shown that overexpressing HCN2 in two ventricular myocytes (VMs) system facilitated propagation of electrical signal from a HCN2-injected pacemaker cell to a quiescent cell [4] . With reprogramming the T-box 18 (TBX18), a kind of embryonic transcription factor related to the expression of HCN gene family in VMs, a superior gene therapy enabled the porcine heart to support normal heart rate and physical activity due to an increased If [5] . That study, for the first time, demonstrated autorhythmic biopacemaker in big animal heart. Cell therapy guide stem cells to differentiate into cardiomyocytes with pacemaker activity and then infects pacing cells into certain cardiac region. Embryonic Stem Cells (ESCs) [6] , Mesenchymal Stem Cells (MSCs) [7] and Adipose Derived Stem Cells (ADSCs) [8] are common targets that is used to produce biological pacemakers. For producing a preferable pacing capacity, a hybrid therapy is used, by which cardiomyocytes differentiated from stem cells are often injected with pacing-related gene, especially HCN gene [7, 8] . These experiments proved the feasibility of producing pacemaker cells based on non-autorhythmic cells, especially VMs, by expressing If current.
Although plenty of biological experiments have shown the necessity of expressing If to induce autorhythm [2, 3, 5] in VMs, the causal relationship between If expression and pacing activity is not clear. Also, the mechanism responsible for If-induced spontaneous pacing activity is incompletely understood. In this study, we modified the ventricular single cell model (TP06 [9] 
Methods
Based on previous experiments [2, 3, 5] , an autonomically responsive pacemaking function was produced by inclusion If in the TP06 model. In the model, the electrophysiological behavior of a single cell is described by the following ordinary differential equation
where V is voltage across cell membrane surfaces, t time, Iion the sum of all transmembrane ionic currents, and Cm cell capacitance. Iion is given by the following equation 
Particularly, the formulation of If [10] is as follows
Where Gf,Na and Gf,K are maximal If,Na and If,K channel conductance, y is a time-independent inward rectification factor that is a function of voltage, ENa, EK are equilibrium potentials of Na + and K + channels respectively. In our simulation, Gf,Na and Gf,K share a same value, which is defined as Gf.
Formulations for other channel currents of Iion are listed in ref. 9.
Results

Variations in intracellular ionic dynamics while incorporating If
Automatic pacing activity in the TP06 model after incorporation of If with Gf = 0.2 nS/pF as shown in Fig 1. The pacemaking action potential reached a steady state after 200 s (Fig. 1A) . However, the cycle length (CL) was too long for potential clinical applications (2236 ms vs 1000 ms in normal human VMs). Note that during the first 100 s, the pacemaking action potential terminated after 26 pacing cycles, which was caused by drafting in the intracellular calcium concentration ( ]i showed a step-wise change (Fig.1  B) , which could be explained by the altered calcium dynamics induced by adding If. Calcium pumps in the membrane of the sarcoplasmic reticulum (SR) (Iup) remained a high value for a long time, pumping excess calcium into the SR. Especially in silent duration, the Ca 2+ in SR gradually accumulated. When resuming pacing activity, ryanodine receptors sensed this elevation of calcium in the SR and responded with a sudden increased release of calcium from the SR (Irel). Through diffusion (Ixfer), the increased calcium released in the subspace travels to the cytoplasm. All of these contributed to a sudden influx of calcium ions into cytoplasm. 
Effect of If density on pacing ability
In simulations, Gf was changed systematically to investigate the effect of If amplitude on pacing ability. The value of Gf was changed from 0 nS/pF to 1.0 nS/pF with a 0.005 nS/pF increment. When Gf < 0.09 nS/pF, autorhythm could not be induced in VMs. When Gf ≥ 0.09 nS/pF, spontaneous rhythms showed in VMs model, which indicated the threshold of expressing If to produce a biopacemaker. Variations of characteristics of action potential with the change of Gf are shown in Fig. 2 (dotted line) . With the rise of Gf, the CL gradually decreased and reached at approximately 1000 ms, while the action potential duration (APD) was almost linearly declining. As expected, the maximum diastolic potential (MDP) became more positive with the increase of Gf as massive If increased the automatic depolarization in phase 4, leading to a more positive MDP. [9] ). Results are shown in Fig. 3 , demonstrating a considerably improved pacing ability of pacemaker (Fig. 3, solid 
An optimized
Conclusion
In this study, we simulated the automaticity induced by expressing If in VMs and demonstrated that overexpressing If could induce spontaneous beatings in a model of VMs. In the VMs model, after reaching the threshold of If, automaticity could be induced and the action potential became stable after a period. 
